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INTRODUCTION 
The movement of water in ~oils is of great importance to all of 
us but especial~ to agriculturalists. If it were not for this move-
ment plants would not be able to survive in soil. If the moisture 
moves too free~ in the soil insufficient water can be stored to supp~ 
plants during dry periods. The movement of water through soil may 
remove plant nutrients or accumulate salts in soil horizons. 
The flow of water in soil has been studied extensively for many 
years. Water move~ent can occur in either saturated or unsaturated 
soil. Darcy's law can be used with a fair degree of accuracy in 
saturated soil. However • vrhen tension or suction is developed in the 
soil-water system as in unsaturated flow. this law is difficult to 
apply. In unsaturated soil the flow is no longer direct~ proportional 
to pore size and gradient but also depends on the film thickness 
around the soil particles. The film thickness varies with the degree 
of unsaturation in the soil. 
The availability of water to plants depends part~ on the ability 
of water to move through the soil to the plant roots. After the wet-
ting of a soil this movement to the plant roots must occur through 
unsaturated soil. Two factors are important in this moisture movement. 
the rate of movement and the total amount that will move to the plant 
root. The amount of water that will move depends on the volume of soil 
that will supply water and its moisture content. 
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The object of thie investigation is to measure the amount of water 
that can be removed from a layer of soil b,y certain extracting tensions, 
the rate of movement, and the zone from which the water is removed for 
certain soils. 
REVI»i OF LITERATURE 
Forces retaining moisture 1g ~ 
3 
There are two main viewpoints on the means by which water is 
retained in the soil. Briggs and HcLane (1897) considered the .force 
holding water in soil to be dependent on the film of water around the 
soil particles. The water moves from the thicker to the thinner film, 
the rate depending on the curvature of the .film, the surface tension 
and the viscosity of the liquid. The curvature of the .film is affected 
by the size of the soil pores. Buckingham ( 1907) developed the other 
viewpoint by suggesting the term capillary potential to express the 
attraction of the soil for water. Both of these views have much in 
common. The main point is the attraction between the soil particles 
and the water molecule. The forces involved are capillar,y and 
adsorptive. 
Gardner and Widtsoe (1921) discussed on~ two kinds of forces 
acting on liquid in soil, those which are independent of adjacent 
surrounding liquid and those which are due to the presence of adjacent 
liquid particles. The on~ force of the first type is the force of 
gravity. They considered that pressure, cohesion and friction were of 
the second type. They considered that the total potential was made up 
of Qydrostatic, capillary and gravitational components. 
These explanations have been modified slight~ during the yeare 
but they remain essential~ the same. The recent trend in thinking 
regarding moisture retention and movement is more towards the energy 
with which the water is held to the soil surface and the energy of the 
air-water and soil-water interfaces. Gardner and Gardner ( 19.53) dis-
cussed the geometrical features of the liquid-vapor interface in soil 
composed of uniform sphere~. 
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The density of the soil affects the amount of water retained at 
any tension. Croney and Coleman (19.54) found that silty c~ soil 
with a low dry density held more moisture at low tensions and less at 
high tensions than did the same soil which had a hi gh dry density. 
Eldrick and Tanner (19.55) found that sieved samples of medium-textured 
soil retained more water than core sample~ at tensions less than 0.4 
atms. Puddled soils retained more water than cores at 0.1 to 2 atms. 
but differed little at tensions less than 0.1 or greater t han .5 atms. 
Forces causing moisture moVemtnt 
Russell (1942) found that the velocity of transfer between two 
points is proportional to the difference in potenti al maintained between 
these points. The forces causing water to move in the unsaturated soil 
are the summation of the gradient of each of the potentials. These can 
be grouped together as total potential. Day (1940) defined the moisture 
potential as the chemical potential of water in ergs per gram. Russell 
defines the total potential as the work required to move a unit mass of 
water from the point where potential is zero to the point in question. 
It may be calculated from tensiometric, centrifugal or pressure membrane 
methods provided the osmotic potential and the partial specific volume 
of water in the liquid phase is known. This total potential may coneist 
of four potentials which are (Baver, 19.56, p. 239) (Taylor, 19.52): 
1. Capillary potential 
2. Osmotic pressure potential 
). Adsorptive potential 
4. Gravitational potential 
The first three forces above are often grouped together and 
considered as capillary potential. This total potential is active 
at all times in moisture movement. wnen the forces giving rise to 
these potentials are in equilibrium there is no movement. The rate 
of movement of water in soil is usually considered to be directly 
proportional to the driving force which is regarded as t~e negative 
gradient of the total potential of the water (Low and Deming, 1935). 
i~ller and Richards (1952) measured the difference in gradients of 
different soils and materials by passing water into columns of dry 
soil. They found that at the same stage of wetting the gradient 
varied for different materials. 
Gravitational potential is the amount of work required to move 
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a unit mass of water through a given distance against the gravita-
tional field. This force is easily recognized in saturated soil where 
the downward movement of water is easily detected. The force is still 
acting on moisture in the soil after drainage has ceased. This is 
one of the reasons wny field capacity measurement is only an arbitrary 
figure since drainage will continue for long periods after the soil 
has been moistened. Field capacity may be defined as the amount of 
water retained in a soil against the force of gravity at any specified 
time, about 24-36 hours after flooding (Thorne and Peterson, 1954). 
Gravitational potential opposes all upward movement of moisture. 
Briggs (1897) states that the limit of capacity of any soil for water 
is reached when the surface tension holding water in the capillary 
spaces is no longer able to overcome forces of gravity acting on the 
mase. 
Capillary potential depends on both pore size distribution and 
the moisture content in the soil. In small pores the curvature is 
different from that in larger pores and the moisture retaining force 
will be greater in the smaller pores. This force is also a function 
of the amount of moisture in the soil as the change in moisture 
content will also change the curvature of the water surfaces. Since 
there is this relation between the pore size distribution and the 
moisture retention, the curve of moisture content versus capillary 
potential has been used to measure the change in pore size distribu-
tion (Child, 194<>). 
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Osmotic pressure differences may be an important factor in 
determining moisture movement, Osmotic pressure is the pressure that 
would have to be applied to a solution to give it the same escaping 
tendency as the solvent (Thorne and Peterson, 1954). In non-saline 
soils this factor does not play an important part because the con-
centrations of salt are low even at low moisture levels but in saline 
soils it may be important. Where there are differences in concentra-
tion of solution there is a tendency for diffusion of both salts and 
water from concentrated to lees concentrated, In soil water will tend 
to move where the salt concentration is greatest as the water is more 
free to move than the salt solution. Thus, water will move from a low 
salt concentration to a higher one, In the soil when the plant root 
removes some water it leaves most of the salt in the soil solution, 
thus more water will move into this more concentrated solution. This 
movement may be in either the liquid or vapor phase. 
Adsorptive potential is caused by the strong attraction between 
water molecules and the surface of the soil particles. These forces 
act over onl,y a short range: a few molecular layers in thickness. As 
the layers become thicker the force in the outer portion is much less 
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and the water moves more freely to a spot where the attraction is 
greater. The type of minerals and amount of organic matter affect the 
angle of wetting in soil. Some soil particles have been found to have 
very little attraction for moisture {Swartzendruber, DeBoodt and 
Kirkham, 1954). 
The total potential is sometimes referred to as the soil moisture 
stress and consists of the osmotic pressure of the soil solution plus 
the soil moisture tension. If these forces are large they have usuallT 
been expressed in atmospheres of pressure, if small in centimeters of 
water or mercury. One atmosphere equals 10)3 centimeters of water, 
76.39 centimeters of mercury, 14.696 pounds per square inch, 1,013) 
bars or 1,01325 x 106 dynes per sq. em. Soil moisture tension or 
suction is the negative pressure to which water in a porous cup must be 
subjected to bring it to static equilibrium with the moisture in the 
soil. 
Factors affecting moisture movement 
Several factors affect the movement of soil moisture. It is 
generally agreed that the rate of movement decreases as the moisture 
content of the soil decreases. Some writers have suggested that at 
about JOO em. of water tension movement of water in the liquid phase 
is reduced to a very lew level (Richards and Moore, 1952). Shaw (1952) 
claims that permeability decreases rapidly by the time a tension of 
25 ern. of water is reached, 
Kohnke (1946) states that the sluggishness of capillary adjust-
ments normally prevents the removal of water much beyond l/2 atmosphere. 
Gurr, Marshall and Hutton (1952) found movement of water in the liquid 
phase at soil moisture tensions as great as pF 3,9, Marshall and 
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Gurr (1954) found by using chloride solutions that there was movement 
in the liquid phase over the whole range in which moisture is available 
to plants. This is confirmed in work b,y Richards and Moore (1952) and 
contradicts Richa.rds 1 previous statements made in 1936 and 1952. The 
movement of water is controlled by the principle that water tends to 
reduce its free surface (Keen, 1927). Moisture content is therefore 
an important factor affecting moisture movement in the soil. 
Temperature must also be considered a factor affecting soil 
moisture movement. The movement is from warm to cooler soils (Moore, 
1940) (T~lor and Cavazza, 1954). This will have ver,y little effect 
on the horizontal movement of moisture in the field as the normal 
temperature gradients are in a vertical plane. Temperature can affect 
the movement of moisture b,y changing the density, viscosity and surface 
tension of the water. Gardner (1955) found that in the soils tested 
the moisture tension decreased 0.008 atmospheres per degree rise of 
0 temperature from 0 to 50 C. The movement of moisture in the vapor 
phase is close~ related to the temperature. Vapor movement while 
being hard to measure has an important role in the total moisture 
movement in the soil (Jones and Kohnke, 1952). 
Soil textures affect the moisture movement by affecting the pore 
size and surface area (Collis-George, 1953). When soil is wet, moisture 
is more free to move in sand than in clay but the amount of moisture 
that can be removed is much less in the sand. The height to which 
water will rise in a soil column increases as the radius of the soil 
pores decreases, The compaction of the soil will affect the size of 
pore space. Miller and Miller (1955) state that the water content and 
capillary conductivity depend on the tension and the previous histor.y 
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of the soil. The time rate at which the successive portions of this 
history occur is not important but the order in which they occur is of 
considerable importance. 
Nelson and Baver (1940) state that the permeability (rate of 
water movement through the soil) is related to the volume of the pores, 
tension, size distribution of the pores and the continuity of soil 
pore space. Collis-George (1955) shows that the removal of moisture 
in a constant structure material can only be by pore emptying and air 
entry where the radius of the neck of the pore controls the suction 
necessary for the air liquid interface to penetrate the cell, Pores 
in the soil empty rapidly when the tension is sufficient to "suck in• 
the air water interface through the largest pore. To refill the pore 
the tension must be reduced until the surface tension can pull the 
interface past the largest internal cross section of the pore. Both 
the emptying and filling of the pore occur rapidly when the proper 
tension is reached. Luthin and Miller (195)) suggest that the diffi-
culty experienced in draining tight soils may be due more to the high 
tension required to produce entry of air into the soil than to the lew 
hydraulic conductivity of the soils, 
1-leasurement of moisture flow , 
Horizontal movement of moisture in soil ie important in several 
ways. In the process of wetting a soil by furrow irrigation horizontal 
movement is necessary to carry the water to the rows. A question 
arises as to how far water will move to a plant root and at what rate, 
If this were known it would offer an explanation of the distribution 
of water in soil under a growing crop. 
lO 
The horizontal movement of moisture has been measured by several 
people under certain conditions, Harris and Turpin ( 1917) placed a 
tube of wet soil in contact with the end of a tube of dry soil and 
sealed the tube. The amount of movement was measured by noting the 
change in weight of the dry end. Karraku ( 1920) found that the 
moisture content at the beginning of the experiment had little effect 
on the distance water would move, 
Davis (1940) found that movement of moisture to plants is 50 slaw 
that it is not sufficient to supply the need of young plant5, thus the 
roots must grow to the water, Bouyoucos (1953) claims that capillarity 
is important in supplying plants with water only through very short 
distances, Jamison (1956) found that in moisture contents below field 
capacity range water movement is very slow. There may be several 
atmospheres of pressure differential between plant leaves and the soil 
moisture a few centimeters away from the absorbing roots, if these 
roots are not concentrated in a 1118.85 of soil, This may even happen 
when the average soil moisture is near permanent wilting percentage, 
Tension gradient away from absorbing roots may be higher as plants 
approach wilting in very fine or very coarse textured soil than in soil 
of intermediate texture and structure, 
Most work has been done measuring the movement froa a saturated 
source to dry soil. Childs and Collis-George (l950a) point out that 
1110st work on permeability has been done on saturated soils and that 
the measurement of moisture movement in unsaturated soils has lagged 
behind, Childs and Collie-George (l950b) relate permeability to pore 
size distribution. This was done by calculating the probability of 
occurrence of sequence of pairs of pores of all the possible sizes and 
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the contribution to the permeability made by each pair. The summation 
of these contributions gives the permeability. By stopping the summa-
tion at a selected upper limit of pore size the permeability may be 
calculated at any chosen moisture content. This proved to give a good 
correlation between calculated and experimentally determined permea-
bility for slate dust and sand but the accuracy was much less for field 
soils. Richards (l954b) used a multiple tensiometer to measure the 
change in hydraulic gradient after water had been applied to a soil, 
Richards (1931) used porous clay plates to measure the conductivity of 
the soil in which the water was held at different tensions, 
Richards and ~eeks (1953) measured the amount of water removed 
and distance affected when water was removed from soil by !ension. 
They used columns of soil placed in lucite tubes laid horizontally and 
measured the tensions by tensiometers placed at intervals along the 
tube. These ter~iometers consist of a porous cup set in the soil, The 
inside of the cup is connected to a mercury manometer by a water column. 
As the soil moisture tension increases it draws water from the porous 
cup which in turn draws the mercury up the manometer tube until the 
forces on each side of the cup are equal. The soil moisture tension 
is measured by measuring the length of the mercury column. Tensions of 
up to 900 em. of water were applied through a porous plate connected to 
the end of the tube. They found that there was a significant amount of 
water removed from the soil. Soils with bulk density of 1.5 grams per 
em. released less water than less dense soils, Krilium, a synthetic 
soil conditioner, added to the soil also reduced the water yield, When 
the soil was moist, tensions applied to the end of the column had, in a 
matter of minutes, produced a change in the reading of all the tensiom-
eters up to 35 em. away. 
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The deficit of water in the plant root tissues sets up forces 
across the root surface membrane causing movement of water into the 
plant. This sets up tension gradients in the soil and there is a slow 
adjustment of moisture in the soil to decrease these gradients. This 
adjustment is proportional to the magnitude of the gradients and the 
conductivity of the soil for moisture. The water extracting power is 
defined as the work per unit time that must be done to remove a unit 
volume of water from the soil (Taylor and Haddock, 1956). 
Gardner and Hsieh (1956) state that the rate of flow of moisture 
in unsaturated porous materials at constant temperature depends on the 
gradient of the moisture potential, the size of the flow channel and 
other factors relating to the fluid and porous medium which m~ be held 
constant. Water cannot move in unsaturated soils in the liquid state 
except along the surfaces and through interstices which contain water. 
The effective cross-sectional channel for water flow therefore varieB 
with the moisture content and with the position in the soil-water 
system. 
Kirkham (1948), van Bavel (1948) and Reeves (1951) used the move-
ment of water through the soil into a hole to measure permeability. 
This work was done in saturated conditions below the water table. 
Russell and Klute (1954) point out that permeability measure!118nh bear 
a functional relationship to the moisture pressure potential. This 
relationship can be worked out for a steaqy state but in unsaturated 
soils the now conditions are not steaqy. Thus, permeability measure-
ments cannot be used to measure unsaturated flow until the relationship 
between permeability and the conditions in the soil can be established. 
lJ 
Taylor and Heuser (195J) used downward movement of water in un-
disturbed cores to determine the unsaturated conductivity of the soil. 
They used small tensiometers spaced at 5 em. intervals down the cores 
to measure moisture potentials. Staple and Lehane (1954) used cylinders 
of air-dry soil packed to desired density to measure conductivity and 
thus to determine moisture movement. Water was added to the cylinders 
and the soil was sectioned in 0.5 inch sections to determine the change 
in moisture content at different depths, 
~ 
Childs (1956) showed that the water content change is not propor-
tional to the change in hydrostatic pressure but varies in a complicated 
way which depends upon the mechani5m of water removal, i. e., upon 
whether the removing suction has to be exerted against suction due to 
surface tension in the curved air-water interfaces or against the mutual 
repulsion of charged colloidal particles, izydraulic conductivity is 
not constant but changes sharply as the moisture content or suction 
changes, The problem of development of moisture profiles is in two 
parts: (a) determination of the hydraulic conductivity of unsaturated 
soil as a function of •oisture content, (b) the solution of certain 
equations derived from Darcy's law. 
Many attempts have been made to formulate equations to describe 
the flow of moisture in unsaturated soil, Kirkham and Feng (1949) pro-
pose two equations for movement of free water to an air-dry soil: 
! Q equals AT2 plus a. [~ 
X equals ~ m• plus b. [~ 
Q equals the quantity of water imbibed in time T per unit cross 
section at the interface of soil and free water, X equals the distance 
of advance of the wetted front in timeT. A, B, a and b are constants. 
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Biggar (1956) in an extensive rev1EIW of literature on movement of 
water into soils found that several workers considered the amount of 
water that moves into a soil to be proportional to the square root of 
time. Biggar's research also bears out this relationship between time 
and the quantity of water absorbed. 
Gardner and Gardner (1950) attempted to find functions of the 
moisture content of the soil that could be used in the Darcy equation 
to modi.f,y it for unsaturated flow. 
V equals -kf. [ J] 
They found that f was determined b,y two independent variables, 
moisture content and di,.tance to the wetted front, The formulae 
arrived at are very complicated. They suggest that as the problem is 
an important one further work be done to develop an equation in terms 
of the moisture content with the moisture content gradient as a par~ 
eter. 
Klute (1952) derived an equation of flow b,Y using Darcy's law and 
the equation of continuity, Darc,Y's law as used by Klute ie 
V equals - K 'i/ 4> . ( 4] 
V equals volume of water flowing through unit cross section. 
'i/ cf> equals driving force causing "'ovement. 
K equals coefficient of aqueous conductivity. This law was 
developed for saturated flow but several workers have found it valid 
for unsaturated flow. The flow of a fluid must obey the principle of 
conservation of matter, This is usually expressed for free space as 
•the net excess of mass flux per ~mit time into or out of an infini-
tesimal volume element in the fluid is equal to the time rate of change 
of fluid density in the volume element multiplied by the free volume 
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of the element• (Klute, 1952). 
Pis fluid density (the fluid mass per unit volume of soil). 
V is mass of fluid flowing through cross section in unit time. 
For unsaturated porous medium this can be expressed as 
P equals bulk density, 
s 
8 equals moisture content on a Weight basis. 
If Darcy's equation is multiplied qy P, the fluid density, and the 
value of V substituted in equation 6, , 
(PK 7 cp). 
(P in this case should mean the density of water.) 
This is the general equation of flow, 
If 8 can be considered as a single valued function of capillary 
potential, ljl , the left hand side of equation 7 can be written: 
~ (P cp) = P o 1/>. E.! (P constant). [s] 
Uf s sdljl dT s 
ae is the specific moisture capacity and can be represented qy 
olj! 
the moisture retention curve, 
The general equation of flow takes into account that not all the 
pore space is available for fluid flow, but cannot be solved because 
it is non-linear partial differential equation. If the boundary condi-
tions are known for certain conditions, the equation may be solved, 
swnmarx 
A review of the literature on moisture movement in soil shows 
that most of the work has been done with saturated soil. A great deal 
l6 
of information is available on the forces causing moisture movement 
and the factors affecting this movement. Some ideas on moisture move-
ment have changed recentl,y. One exanq:>le is the tension at which water 
will move in the liquid phase. It was thought until 1952 that movaent 
in the liquid phase ceased at about 1/3 atmosphere tension but since 
then it has been found to move over the whole range of 1110hture from 
saturation to permanent wilting percentage. 
The movement of moisture is caused by gravitational, adsorptive, 
osmotic and capillary gradients. The effects of these on moisture 
movement are controlled qy moisture content, temperature, soil texture 
and structure. The extent to which these factors are active is not 
known with any degree of certainty. Recent workers on moisture move-
ment in unsaturated soil emphasize the need for further work to deter-
mine the distance and rate that water will move and how this is 
affected by varying conditione. \',bile much has been learned about 
soil moisture movement in the last 60 years we still do not know the 
complete story. 
l? 
PURPOSE OF RESEARCH 
In literature reviewed by this author there was found to be a 
lack of data on the distance that water will move through soils to a 
plant root, or the quantity of water that will move to the root. Most 
agronomists believe that the movement of moisture to roots at moisture 
contents below field capacity is almost negligible and that roots must 
move to the moisture, Some knowledge of radial horizontal moisture 
movement in soils will help to explain this soil-plant relationship. 
It is well known that soil is dried by the water-extracting action 
of plant roots. How unifor~ is it dried? Is there a~ difference 
in the rate of drying of different soils by plant roots? What is the 
rate of moisture movement to roots and are there a~ differences in 
rates in different soils? 
Preliminary research was undertaken to answer these and other 
related questions. The immediate aim was to find the distance water 
would move to a simulated plant root under certain limited conditions 
and to find the rate of flow of water under these conditions for 
different soil tYPes. This research was carried out at the Canada 
Department of Agriculture, Experimental Farm at Swift Current, 
Saskatchewan, 
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METWDS AND MA.TFlUALS 
The general plan was to moisten a large circular section of soil, 
5 em. deep, and to find the tension gradients developed in the soil as 
water was extracted radially through a porous cup at the centre. 
Measurements were made on three soils--Haverhill loam, alluvial heav,y 
clay from Rush lake and very fine sand fi"om Webb. Haverhill loam is 
a typical soil in the Swift Current area. The heav,y cl~ and fine sand 
were included to obtain comparable results on extremes of soil texture; 
neither is wide~ used for crop production. 
In ear~ experiments the soil was held in a cylindrical tank 90 
em. in diameter and 20 em. deep supported rigid~ on a base of 3/4 
inch p~ood. A hole in the centre of the bottom of the tank was 
connected to a piece of l/4 inch copper tubing which extended along 
the under side of the tank and protruded two inches beyond the edge. 
This provided a means of wetting the soil from the bottom up. 
The tank was mounted on a shaker or vibrator designed to compact 
the soil to a uniform density as shown in figure l. The shaker 
consisted of a frame holding four motor-driven eccentric cams working 
in unison, which produced a vibration amplitude of 1/16 inch and 
frequency of 200 oscillations per minute. A l~er of expanded metal 
lath was cut to fit snug~ into the bottom of the tank. On top of 
this a ~er of fine mesh copper screen was used to support the soil. 
This allowed a pool of water to form under tbe soil and insured unifort11 
wetting. The fine copper screen was used in preference to blotting 
FIGURE I 
ARRANGEMENT OF SHAKER , l9 
LARGE TANK , TENSIOMETER AND 
WATER COLLECTING SYSTEM. 
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paper as it was felt that blotting paper might conduct moisture from 
the outer edges to the extracting cup. 
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A porous ceramic cup was placed in tile centre of the tank so that 
it extended the full 5 em. depth of the soil. The cup was connected 
by means of a carefully sealed system of glass tubing to a burette or 
inverted &lenmyer flask which in turn was connected to a vacuum system. 
When suction was applied to the inside ~f the cup, water was extracted 
from the soil and was collected either directly in the burette or, when 
the rate was too rapid, in the Erleruver nask, Water was drained fr0111 
the latter into a burette for measurement. The vacuum system consisted 
of a pump and large reservoir as shown in figure 2. The suction was 
controlled by a thermocap re~· connected to a mercury manometer as 
described by Taylor (1955). 
Duplicate sets of porous cups for measuring soil moisture tension 
were placed vertically at 5 em. intervals across the tank. The cups 
were offset to form an S-shaped line so that no two units were on the 
same radius. The tensiometer cups were made of Coors No. 762 filter 
cylinders ).5 em. long with a l om, outside diameter. The wall thick-
ness was 0.1 em, The average pore diameter was 0.85 microns. Each of 
these was connected by means of copper tubing to the upper end of a 
l mm. bore glass capillary tube with the lo>Ier end in a pool of mercury 
to form a manometer. The soil moisture tension was measured by the 
height of rise of mercury in the manometer and a scale beside each tube 
allowed this to be read in em. of water tension, The arrangement of 
the equipment is shown in figures J and 4. 
In later experiments the soil was partially dried by applying 
tension to the lower surface of the soil. To do this a smaller tamk 
FIGURE 2 
VACUUM AND CONTROL 
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SYSTEM. 
VACUUM 
PUMP 
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FIGURE 3 
TENSIOMETER AND EXTRACTING 
CUP ARRANGEMENT IN LARGE 
TANK. 
2.:3 
FIGURE 4 
TENSIOMETER AND WATER 
COLLECTING SYSTEM USED 
WITH LARGE TANK . 
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)0 cm. in diameter and 20 om. deep was used, Elotting paper was 
placed over the copper screen to form a tension plate, but this proved 
unsatisfactory as the blotting paper would not withstand tensions of 
more than 3 om, of mercury before air leaks developed, To provide a 
more satisfactory tension plate a layer l/2 inch thick of "Castone• 
was poured over the screen, This provided a plate that withstood up 
to 35 em. of mercury tension without leaking air and had a rapid 
conductivity for water. Due to the small size of the tank only 10 
tensiometers could be used without affecting the continuity of the 
soil. A Coors No. 762 filter cup of No. 5 porosity was used for the 
extracting cup. The water extracted was collected and measured in a 
burette, 
The room in which the research was carried out had a temperature 
variation of not more than two degrees Fahrenheit per week and less 
than five degrees over the six month period. 
The tank in all experiments was covered by a tight fitting sheet 
of polyethylene plastic to prevent evaporation, 
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• 
PRO:::EDURE 
The three soils used were taken from the surface six inches, and 
were air-dried, crushed and passed through a 1 mm, sieve as suggested 
by Fireman (1944). This gave a uniform sample that packed well into 
the tank and made good contact with the porous cups. The density 
resulting from 5 minutes compaction with the shaker and subsequent 
wetting was constant throughout the depth and was reproducible in 
successive trials. The density of the soil after packing and wetting 
by the method described is shown in table l. These trials were carried 
out on each soil to determine the reproducibility of the packing, 
Table 1. Density of moistened soil after 5 minutes dry packing 
(oven-dry basis--grams of drY soil per cubic em.) 
Soil Test 1 Test 2 Test 3 Average 
Clay 1.21 1.25 1.19 1,22 
Loam 1.)6 1.)4 1,)5 1.)5 
Sand 1.52 1.56 1.54 1.54 
In all experiments a layer of soil five em. deep was placed in the 
tank and shaken for five minutes, ~ater, with a hydrostatic head of 
0 em. at the soil surface, was allowed to enter the bottom of the tank 
through the copper tubing until the soil was completely saturated, The 
time required to saturate varied with the different soils. The soil 
was then allowed to drain for 12 hours before extraction was begun, 
The drain was left open for the remainder of the experiment. 
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I.arge tank 
Several extraction cups were tested for use with the large tank 
before a portion of a Chamberlain filter cylinder 2 em. outside diameter 
and 5 em. long, with wall thickness of 0,4 em., was chosen. 
This cup had a rate of flow of 780 ml. of water per hour with a 
600 em. water tension gradient across the wall of the cup. It could 
withstand up to 650 em. of water tension with no air leaking through 
the pores of the cup. The other cups tried had either too low a water 
conductivity rate or had too low an air entry value, 
The results of tests on different extracting cups are shown in 
table 2. 
Table 2. Rate of extraction and air entry values of various extracting 
s 
TYoe of cup 
Coors #762 #5 
Extracting thimble 
Chamberlain filter 
cylinder 
Extraction rate 
600 em. water 
tension 
8.2 
780.0 
ml. of water/hr. 
)00 Clll, water 
tension 
4,0 
)600.0 
270.0 
Tension at which 
air be&an to 
enter the cup 
em. or water 
700 
200 
650 
At the beginning of each experiment the extraction cup and tensiom-
eters were filled with water and allowed to come to equilibrium. A 
zero reading was taken on all ~~~anometers and after a 12 hour drainage 
period a tension of 600 om. of water was applied to the extracting cup. 
The amount of water withdrawn from the soil and the tensiometer read-
ings were recorded at suitable intervals until the rate of flow became 
very slow, 
small tank 
The soil in the smaller tank was shaken and wetted in the same w~ 
a! in the larger tank, the water passing upward through the porous 
plate and saturating the soil. After saturation a tension of 300 em. 
of w~ter was applied to the lower surface of the porous plate and water 
was extracted until the tensiometer indicated near~ the same tension. 
The moisture content of the soil was then near the l/3 atmosphere per-
centage or approximate~ field capacity. This is the amount of water 
held by the same soil in the field 24 to 48 hours after a heavy rain 
or irrigation. 1he extracting cup used in all experiments in the small 
tank was a Coors No. 762 filter cylinder of No. 5 porosity. The 
conductivity of this cup was greater than that of soil dried to a 
tension of 100 em. of water or more and therefore had high enough 
conductivity for all the tests. 
~iben the tension on the soil became constant at approximatelY 300 
em. the tension on the lower surface of the plate was then released 
and a tension of 6oO em. of water was applied as in previous experi-
ments to start extraction through the cup. The time required to dry 
the soils to the desired moieture tension varied with the different 
soils, with loam taking the least time, clay the most and sand inter-
mediate between the other two. 
28 
RESULTS 
Mechanical analysis of the soils showed the loam to contain 50 
per cent sand, )2 per cent silt and 18 per cent clay. The sand con-
tained 94 per cent sand, 4 per cent silt and 2 per cent clay. The c~ 
contained 18 per cent sand, 24 per cent silt and 58 per cent c~. 
A moisture retention curve for each soil was determined by the 
pressure plate method (Richards, 1954a). These curves which cover the 
portion of the moisture range dealt with in this research are shown in 
figures 5, 6 and 7. They indicate the amount of water held in the soil 
when subjected to different pressures on the porous plate. 
The curves were determined for each of the soils r~ndled in three 
ways. One soil was compacted in a cylinder 1 1/2 inches high to a 
density similar to that obtained in the tanks; this cylinder of soil 
was then placed on the porous plate. Another cylinder of soil 1 1/2 
inches high but not compacted was tested; and the third method was 
uncompacted soil in a cylinder l/2 inch high. The curves indicate that 
dry compaction tends to decrease the amount of water held at low 
tensions even when soil is not confined on wetting. The moisture 
constants obtained by sampling the soil in the tank during a typical 
experiment checked well with the values indicated at the various 
tensions by the moisture retention curves. The curve for uncompacted 
soil l/2 inch deep on the porous plste corresponded most closely with 
values obtained in the tanks. 
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FIGURE 5 - MOISTURE RETENTION CURVE FOR CLAY 
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FIGURE 6 - MOISTURE RETENTION CURVE FOR LOAM 
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lege .Wlls 
The volume of water extracted and the tensiometer readings for 
the soil in the larger tank are shown in tables 3, 4 and 5. In none 
of these tests was there any tension gradient measurable by the 
tensiometers placed at 5 em. intervals from the centre. The rate of 
extraction was reduced as the moisture tension of the soil increased 
but this decrease was not proportional to the change in tension 
gradient between the inside of the cup and the first tensiometer 5 em. 
away. 
For example, the rate of extraction for sand in the first 9 hours 
was 33.4 ml. per hour with a tension of 600 em. across the 5 em. 
distance from the cup to the first tensiometer. In the last 24 hours 
the rate of extraction was 0.83 ml. per hour with a tension of 566 em. 
across the same distance. The rate varied with the different soils--
loam had the highest rate followed by sand, and clay, in that order. 
In 210 hours 2701 ml. of water were extracted from the loam, in 215 
hours 1.551 ml. from the sand and in 216 hours 646 ml. from the clay. 
The gradients between the centre and the first tensiometer at the 
end of these periods were 106 for loam, 113 for sand and 119 for c~. 
Small~ 
The volume of water extracted and the tensiometer readings for 
soil initial~ near field capacity are shown in tables 6, 7 and 8. 
The volume of water extracted for t he different soils showed a marked 
difference in the rates with which these soils will release water. The 
loam released 61.2 ml. in 122 hours, the clay 8.4 ml. in 129 hours and 
the sand 5.2 ml. in 128 hours. The gradients varied, with loam having 
the least gradient and sand the greatest. 
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Table 3. Volume of water removed and tensiometer readings at various 
time intervals from saturated sand (Extracting tension of 
600 C!!l· of water at the cup) 
Tensiometer readings in em. of water at different 
Vol. of g~sting~s ~om tne ~~ 
Time water 5 J.Q 15 2Q 25 :lQ J~ 40 45 
hours ml. em. em. em. em. em. em. cm. em. em. 
o.o o.o 0 3 6 0 4 4 l 4 4 
9.0 300.8 0 3 6 0 4 4 l 4 4 
27.5 717.6 l2 17 llJ. 13 1lJ. 15 ll l6 14 
49.5 999.lJ. 26 29 26 26 27 26 25 27 26 
75.5 1205,4 31 Y+ 32 32 35 33 31 J4 35 
1.05.5 1387.6 33 38 34 35 38 36 35 38 36 
143.5 1449,0 Y+ J9 35 36 39 37 35 38 J7 
167.5 1490 .o Y+ J9 J7 36 39 37 J7 38 37 
191.5 1526.0 J4 J9 37 36 39 39 J7 38 37 
215.5 1551.6 Y+ 39 37 J6 39 40 37 39 37 
239.5 1.571.6 Y+ 39 J7 )6 39 40 37 39 38 
Table 4. Volume of water removed and tensiometer readings at various 
time intervals from saturated loam (Extracting tension of 
600 em. of water at the gup) 
Tensiometer readings in em. of water at different 
Vol. of distinQes ~2m tne e~ 
Tim! wit!!r ~ lQ ~ 20 2~ JC J~ 4o 4~ 
hours ml. em. em. em. em. em. em. em. Cillo cm. 
o.o o.o 
.5 13 7 .5 ll ll 6 7 l2 
2.5 • .5 ll30.2 7 l3 9 9 ll l2 9 ll l2 
.52 • .5 1.848.2 28 J4 JO 30 29 28 28 30 30 
76.0 2299.2 .50 .54 .51 .52 .50 .54 48 .51 .50 
142,0 2.589,8 61 67 73 63 67 64 62 63 63 
210.0 2701,8 69 74 7? 71 71 73 72 72 71 
2.59 • .5 2766.4 72 77 79 76 78 77 74 76 74 
J06,0 2820,4 78 83 8.5 79 82 82 79 77 77 
J.54 • .5 2887,6 88 93 92 92 90 91 88 87 87 
4o2.0 29.58.4 94 97 lOO 96 98 96 9.5 92 93 
428,0 2992.8 98 104 102 l06 lll l04 lOO l07 98 
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Table 5, Volume of water removed and tensiometer readings at various 
time intervals from saturated clay (El<tracting tension of 
600 em, of water at the cup) 
Tensiometer readings in em. of water at different 
Vol, of distances from the CUD 
Time water ~ lO l~ 20 2~ ;20 :2~ 40 42 
hours ml, em. em. em. em, em, em. em. em, em. 
9.0 200,0 l 5 6 5 4 6 1 5 9 
' 24,0 )00,0 l 5 6 5 4 6 1 5 9 
48,0 382,6 2 5 7 5 4 6 1 5 9 
72,0 445.8 2 5 8 5 4 7 l 5 9 
99.5 498.4 2 5 8 5 4 8 2 6 9 
123.5 537.8 2 5 8 5 5 e 2 6 9 
144.0 565.8 2 5 8 5 5 8 2 6 9 
168,0 597.2 2 5 8 5 5 8 2 6 9 
192,0 624,2 3 8 8 5 6 8 :3 6 9 
216,0 646.2 4 8 10 6 8 9 5 7 9 
Table 6, Volll!'ll8 of water removed and tensiometer readings at various 
time intervals from unsaturated sand (Extracting tension of 
600 em. of water at the 01.!1? 
Tensiometer readings in om, of water at 
Vol. of ~ffeteut distances r£2m the 2~ 
Time Wj!ter & s a •• 14 hours ml. em. em. om. Clll, ca. 
28.3 1.4 98 104 10.5 ll2 ll6 
47,0 2,4 104 lll lll ll9 121 
79 • .5 3.8 ll8 123 123 130 132 
103,0 4,4 127 133 132 147 l43 
128,0 .5.2 138 143 l43 1.57 l.54 
1.50.0 6.2 148 1.50 148 163 163 
180.0 7.0 1.61 163 162 l81 l66 
194.0 8.0 1.70 168 l69 l89 l84 
2)8 • .5 8.4 l89 l87 192 21.5 204 
262 • .5 9.0 198 198 204 220 2l3 
286,.5 9.8 214 212 220 237 223 
J43,0 10.2 2.50 2,50 262 27.5 26.5 
Table 7, Volume of water removed and tensiometer readings at various 
time intervale from unsaturated loam (Extracting tension of 
600 em, of water at thoz cup) 
Tensiometer readings in ~. of water at 
Vol, of different distances from the CUD 
TJ.me W§te£ 2 ~ 8 ;y, J.4 
hours ml, em, em, em, em, em, 
0,0 0,0 187 196 199 190 200 
25.0 14,2 252 25J 247 246 248 
49.5 29.2 298 299 290 294 295 
75.0 41,4 J)Z JJ9 JZ8 J24 JJJ 
101,0 55.0 J48 J46 J41 JJ7 J55 
122,0 61.2 40J J97 J79 J67 J82 
1.55.5 69.8 427 428 410 J95 414 
175.5 71.2 448 451 4)0 422 4J8 
199.0 76.8 460 462 44.5 4J4 449 
2)9.5 78.4 495 50J 474 462 480 
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Table 8. Volume of water removed and tensiometer readings at various 
tillll!l intervals from unsaturated cl.a,y ( E~ttracting tension of 
600 em, of water at the 2~l 
Tensiometer readings in em. of water at 
Vol. of different 5J1§l:!!!lS<es !:rom tge £!!1! 
Tiane w!!ter 2 ~ § !J. 64 
hours ml. em. em. om. em, em. 
o.o o.o 187 182 169 l80 170 
24.5 1.2 195 189 176 182 177 
33.5 1.6 196 191 180 182 183 
54,0 3.4 213 214 199 201 200 
77.5 4.9 2)3 2)4 218 222 221 
102.0 6.6 248 240 225 225 228 
129.0 8.4 262 255 252 248 258 
146.5 9.8 273 272 262 257 270 
ANALYSIS OF DATA 
The logarithm of the total antOunt of water extracted was plotted 
against the logarithm of the extracting time for each soil. These 
curves are shown in figures 8 to lJ, inclusive. The equation for 
these lines is log. Q =log, b + n log. t. [9] 
where Q • total quantity of water extracted. 
b = antilog. of the intercept on the y axis, 
n = slope of the line. 
t z extracting time. 
Q = btn. [10] 
The ~perimental values of n and b in equation lO were determined 
by regression analysis of logarithm of quantity on logarithm of time. 
In the regression analysis the regression coefficient is equal to n 
and log, b is they intercept when log. t = 0 {t = l), respectively, 
in equation 9. 
The values of n and b for the different lines are shown in 
table 9. The correlation coefficients (r) for the data from which n 
was calculated are sh01o1n with the values of n in table 10. The rate 
of extraction decreases as soil moisture tension increases, This is 
shown in table ll. The rate also decreases as the tension gradient 
decreases, as shown in table 12. In both tables the tension of the 
soil moisture was measured by the tensiometer 5 em. away from the cup. 
The decrease in extraction rate as related to moisture tension was 
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FIGURE 8. 
WATER EXTRACTED FROM SATURATED SAND 
VS. TIME 
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FIGURE 9. 
WATER EXTRACTED FROM SATURATED LOAM 
VS. TIME 
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FIGURE 10. 
WATER EXTRACTED FROM SATURATED CLAY 
VS. TIME 
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FIGURE II. 
WATER EXTRACTED FROM UNSATURATED SAND 
VS. TIME 
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FIGURE 12. 
WATER EXTRACTED FROM UNSATURATED LOAM 
VS. TIME 
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FIGURE 13. 
WATER EXTRACTED FROM UNSATURATED CLAY 
VS. TIME 
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Table 9. Values of n and b for equation Q ~ btn (moisture tension 
measured at teneiometer 5 em, from the extracting cup) 
Sand Loa!!\ ClaY 
Mol.sture tension n b n b n b 
em. of water 
0- J4 0.092 .530 
0- so 0.707 138 
61- 98 0,132 1330 
0- 4 .363 .57 
l04-250 0.779 0,87 
196-397 0.875 0.02 
428-.503 0,)04 7.2 
182-272 1.192 0,03 
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Table 10. Values of n and correlation coefficient (r) for different 
soils 
Soil H2isture tene12n n £ 
em. of water 
Sand 0- )4 .092 .no 
Loam 0- 50 .707 .971 
Loam 61.- 98 .1)2 .77.5 
Clay 0- 4 .363 .993 
Sand ··104-2.50 .779 ·995 
Loe 196-397 .875 .995 
Loe 428-50:3 .)04 .960 
Clay 182-272 1.192 .990 
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Table 11. Variation in extraction rate with changes in soil moisture 
tension (Tension was measured at tensiometer 5 em. from 
the c 
Sand Loam Cl.q 
Tension Rate Tension Jrate Tension Rate 
em. water ml/hr em. water ml/hr em. water ml/hr 
0 )3.4 7 44.3 l 22.2 
26 12.8 69 1.65 2 1.64 
34 1.71 98 1.32 4 0.92 
104 0.05 25) 0.56 189 0.05 
143 0.03 397 0.) 234 o.o6 
250 0,007 462 0,2) 272 0,1 
Table 12. Rate of extraction at different tension gradients 
(gradient measured between absorbing cup centre and 
tensiometer 5 em, away) 
Sand Loam Claz 
Tension Tension Tension 
~:radient Rate gradie!lt Rate gradient Rate 
em, water ml/hr em. water ml/'nr em. water ml/hr 
120 33.4 119 44.3 120 22.2 
114 7.95 106 1.65 119 0,92 
113 0.84 100 1.)2 82 0.05 
99 0,05 69 0.56 71 0.09 
91 0,03 34 0.26 66 0.1 
70 0.007 20 0.04 
fairly consistent except for cl~. For cl~ the rate increases 
slightly at the higher moisture tensions. 
From table 12 it can be seen that loam had the highest extraction 
rate at all gradients tested, The rate for sand was higher than for 
cl~ when both gradients were large but as the gradient decreased b,y 
drying the soil, the relative rates for sand and clay changed. The 
rate for cl~ dropped very slightly as the gradient decreased from 
119 to 66 while there was a continual decline in the rate for sand. 
The distance water will move can be seen in tables 3 to 8, 
inclusive. The rise in tensiometer readings over the whole range of 
distances as water was extracted indicates that water was removed 
from the whole volume of soil. Only in the unsaturated loam, as 
shown in table 7, was the amount of water in the soil reduced more 
near the centre than near the outer edge. In no other tests was anY 
measurable tension gradient developed. These results indicate that 
under conditions of horizontal radial flow water will 1 move at least 
45 em, in soils at low moisture tension and at least 14 em, in soil 
near field capacity. 
DISCUSSION 
Four major points are brought forward by this research. 
l. The amount of water extracted is proportional to a function 
of time. 
2. The rate of extraction decreases with increased soil moisture 
tension. 
J. The relative rates of extraction for the different soils 
change with changes in moisture tension. 
4. The distance that moisture will move was found to be greater 
than the limits of the experiment. 
The volume of water extracted is related to time and can be 
expressed by the equation Q = btn. Further research will be necessary 
to explain the cause fer the break in the curves. In figure 12 the 
break at about 122 hours coincides with the development of a slight 
moisture tension gradient between the first four tensiometers. In 
the other soils there is no obvious reason for the change in slope of 
the line, The break only occurs in the curves when the rate of 
extraction is high. In the clays and unsaturated sand where the rates 
of extraction are low the data fit the equation quite closely for the 
whole range of moisture tensions encountered. 
The high values of r obtained indicate that the accuracy of the 
experiments was quite high with respect to the amount of water ex-
tracted. If the value of b for a section of the curve is multiplied 
, 
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by values of tn at two points on the line a close estimate is obtained 
for the amount of water extracted in this time interval, 
The rate of extraction decreases as the moisture tension increases. 
The accuracy with which the rate could be measured with the equipment 
and technique used was not great enough for the low rates. A variation 
of 5 to 10 em. of water tension in the extracting system would cause a 
slight variation in the burette reading. If successive readings were 
taken at different limits of this variation an error would be created 
in the extraction rates. This lack of accuracy may be the reason that 
plots of the extraction rate against time or a function of time do not 
yield a smooth curve. 
The relative rates of extraction, loam:sand:clay in the large 
tank were 9:5:2. In the drier soils these rates chanced to 22:2:3. 
These rates are based on the amount of water extracted in the total 
time divided by the time. These ratios and the data in table 11 
correspond with data shown by Richards and I-loore (1952). They found 
that the conductivity coefficient of loams to be higher than clays at 
a given moisture tension. The coefficients they obtained were high 
for sand at 50 em. water tension but were generally lower than for 
clays and loams at 200 em. tension. T:>ey also mentioned the rapid 
drop in conductivity as the moisture tension of the soil increased. 
The increase in moisture tension as shown by the tensiometer 
readings indicates that water was being removed from the whole volume 
of soil. The lack of tension gradient shows that the net loss of water 
per unit volume of soil was nearly uniform at all tensiometer locations. 
Thus, the maximum distance water will move could not be measured in 
the limited volume of soil used in these experiments, 
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In the unsaturated loam a slight tension gradient was developed, 
in which case the net loss of water was slightly greater per unit 
volume of soil near the centre than near the outer edge. Some core 
samples were taken from separate experiments to check the percentage 
of water left in the soil at various distances from the extracting 
cup. The samples taken 1 em. from the cup had only slightly lower 
moisture contents than those at greater distances. 
CONCLUSIONS 
1. The amount of water extracted is proportional to the 
extracting time to the nth power. 
2. The rate of extraction decreases as the soil moisture 
tension increases, 
). The rate of extraction decreases as the tension gradient 
decreases. 
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4. In a horizontal radial system water will move at least 45 em. 
when soils are wet and at least 14 em, when held at moisture contents 
approaching field capacity, 
5) 
CRITICISMS AND SUGGESTIONS 
The results in this thesis are based on single trials. Much 
greater confidence could be placed in these results if tile tests had 
been run in duplicate. In future work along these lines a more 
accurate control on the extracting tension would be of benefit. A 
more accurate means of measuring the volume of water extracted is 
necessary if the work were to be extended to any lower rates of 
extraction, which is inevitable as soils become drier. This work 
should be extended to study the rate and distance of movement of 
water over the whole range of moisture available to plants. This 
will necessitate the development of new techniques and methode. 
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